The E2F-1 transcription factor is post-translationally modified and stabilized in response to various forms of DNA damage to regulate the expression of cell-cycle and pro-apoptotic genes. The sustained overexpression of E2F-1 is a characteristic feature of gastric cancer. In this study, we investigated the role of short hairpin RNA (shRNA) targeting E2F-1 gene on human gastric cancer MGC-803 cell growth in vivo, and preliminarily revealed the mechanism. Thus, we constructed recombinant pGCSIL-GFP-shRNA-E2F-1 lentiviral vector to knock down E2F-1 expression in human gastric cancer MGC-803 cells in vivo, and studied the effect of E2F-1 shRNA on growth of MGC-803 tumor and evaluated its treatment efficacy. Our data demonstrated that in a mouse model of established gastric cancer, intratumor injection of lentiviral shRNA targeting E2F-1 definitely decreased the endogenous E2F-1 mRNA and protein expression in MGC-803 tumor, and inhibited tumor growth and promoted tumor cells apoptosis. Moreover, we found that E2F-1 shRNA increased the expression of phosphatase and tensin homolog (PTEN), activated caspase-3 and caspase-9, and suppressed nuclear factor (NF)-κB expression in tumor tissue as determined by reverse transcription (RT)-PCR and western blotting. In summary, shRNA targeting of E2F-1 can effectively inhibits human gastric cancer MGC-803 cell growth in vivo and may be a potential therapeutic strategy for gastric cancer.
Introduction
Despite the decline in its incidence in the past few decades, gastric cancer remains the second most common cause of cancer-related deaths worldwide, and about two-thirds of gastric cancer cases occur in developing countries, and 42% in China alone (Parkin et al., 2005; Amiri, 2011) . Many patients lose the chance of surgery because of their systemic condition, whereas others cannot tolerate the side effects of chemotherapy or radiotherapy, and there is a paucity of meaningful treatment strategies (Cunningham et al., 2005) . Thus, it is necessary to find a new way to inhibit cancer cell growth effectively and avoid the side effects of drugs or radioactivity. Gene-targeting therapies have proved to be a promising way to achieve this goal.
Dysregulation of gene expression is integral to the neoplastic process, and there is now compelling evidence implicating upregulation or downregulation of multiple genes in the development and progression of gastric cancer. The E2F family of transcription factors can control the transcription of a group of genes that are normally regulated for cell proliferation and cell-cycle progression (Polager and Ginsberg, 2008) . E2F-1, as a member of this gene family, is crucial for E2F-dependent apoptotic program (Lazzerini Denchi and Helin, 2005) .
Nevertheless, the role of E2F-1 as an oncogene or tumor suppressor gene is still in dispute at the present time (Johnson, 2000) . High E2F-1 levels exerte a growth-suppressing effect on osteosarcomas cells and breast cancer cells, and induced arrest of human small cell lung cancer growth in nude mice (Liontos et al., 2009; Brown et al., 2010; Shi et al., 2011) . However, several investigators have reported that sustained E2F-1 overexpression is a characteristic feature of human cancer (Sowers et al., 2003; Huang et al., 2007; Xiao et al., 2007; Molina-Privado et al., 2009) . Knockdown of E2F-1 is considered to be a tumor suppressor in melanoma cells (Alla et al., 2010) . In our previous study, we also have found Tumor growth curve showed a significant growth tendency in PBS group and in Lv-shRNA-NC group, while the MGC-803 tumor growth in Lv-shRNA-E2F-1 group was obviously inhibited. (B) The relative tumor volume in Lv-shRNA-E2F-1 treated mice was smaller than that in animals from control group respectively at 12 days after tumor injection and presented as means ± SEM (n = 6 animals for each condition) using ANOVA and Student-Newman-Keuls analyses (*P ＜ 0.05). Lanes: 1, Lv-shRNA-E2F-1 group; 2, Lv-shRNA-NC group; 3, PBS group.
that upregulation or downregulation of E2F-1 can suppress gastric cancer progression in vitro, but the mechanisms are unknown (Xiao et al., 2007; Xie et al., 2009b) .
It is widely known that RNA interference (RNAi) -based approaches include small interfering RNA (siRNA) and short hairpin RNA (shRNA), which can be used to silence the expression of target genes in mammalian cells. Compare with siRNA, shRNA has high efficiency for transfection in primary and nondividing cells. Lentivirus can transfect both dividing and non-dividing cells at high efficiency and also sustains long-term gene expression by integrating into the host genome (Pfeifer et al., 2006; Gropp and Reubinoff, 2007) . Therefore, lentiviral vector is considered as the most suitable delivery method for RNAi technology.
In the present research, we constructed recombinant shRNA-expressing lentiviral vector targeting E2F-1, and observed the effects of E2F-1 downregulation on the growth and apoptosis of MGC-803 cells in vivo after intratumoral injection of recombinant E2F-1 shRNA lentiviruse into nude mice. To reveal the possible mechanism, we also showed the effects of E2F-1 shRNA on the expression of PTEN, caspase-3, caspase-9 and NF-κB in MGC-803 cells in vivo.
Results

Construction and identification of pGCSIL-GFP-shRNA-E2F-1 lentiviral vector
Positive clones were confirmed by DNA sequence analysis (data not shown) and demonstrated that shRNA coding frames and frame sequences were correct, which indicated that the recombinant pGCSIL-GFP-shRNA-E2F-1 and pGCSIL-GFP-shRNA -NC plasmids were constructed successfully.
Determination of lentivirus titers
Lentivirus targeting E2F-1 and -NC (Lv-shRNA-E2F-1, and Lv-shRNA-NC) was produced by co-transfection with packaging vector (pHelper1.0) and vesicular stomatitis virus glycoprotein (VSVG) expression plasmid (pHelper2.0) into 293T cells. As shown in Figure 1 , Lv-shRNA-E2F-1 or Lv-shRNA-NC was packaged in 293T cells and the viral titer was determined to be in the range of 5 × 10 8 TU/ml medium by green fluorescent protein (GFP) assay.
E2F-1 shRNA inhibits MGC-803 tumor growth
The ability of downregulation of E2F-1 to inhibit MGC-803 tumor growth was evaluated by injecting recombinant lentivirus into established flank tumors. As shown in Figure 2A , the tumor growth curves indicated that mice treated with Lv-shRNA-E2F-1 showed a significant inhibition of tumor growth when compared with those treated with control vector Lv-shRNA-NC or PBS (P ＜ 0.05). The relative tumor volume of the Lv-shRNA-E2F-1 mice was significantly smaller than that of the control groups (P ＜ 0.05) at 12 days after tumor injection, whereas no difference was found between the Lv-shRNA-NC and PBS groups (P ＞ 0.05) ( Figure 2B ). The tumor weight in the Lv-shRNA-E2F-1 group was 0.637 ± 0.061 g, which was significantly less than 2.225 ± 0.079 g in the Lv-shRNA-E2F-1 group and 2.334 ± 0.087 g from PBS group (P ＜ 0.05). The expression of E2F-1 mRNA were measured at three groups, normalized to GAPDH and presented as means ± SEM (n = 6 animals for each condition). *P ＜ 0.05 compared with Lv-shRNA-NC and PBS group, using ANOVA and Student-Newman-Keuls analyses. The expression of E2F-1 protein were measured at three groups, normalized to GAPDH and presented as means ± SEM (n = 6 animals for each condition). *P ＜ 0.05 compared with Lv-shRNA-NC and PBS group, using ANOVA and Student-NewmanKeuls analyses. 
E2F-1 mRNA and protein expression was suppressed in MGC-803 tumor
The MGC-803 tumor that was injected with Lv-shRNA-E2F-1 had marked inhibition of E2F-1 mRNA and protein expression. Densitometric analysis showed that E2F-1 mRNA and protein in the Lv-shRNA-E2F-1 group were about 10-and 6-fold lower than those of the two control groups respectively (P ＜ 0.05), whereas no difference was found between the Lv-shRNA-NC and PBS groups (P ＞ 0.05) (Figures 3 and 4 ).
E2F-1 shRNA induces in situ MGC-803 tumor cell apoptosis
We evaluated the effect of E2F-1 shRNA on MGC-803 cell apoptosis in vivo. As shown in Figure  5 , the percentage of apoptotic tumor cells in the Lv-shRNA-E2F-1 group was 18.7 ± 3.6%, which was more than 6.5 ± 0.7% in the Lv-shRNA-NC group and 5.8 ± 0.3% in the PBS group as shown by the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) method (P ＜ 0.05).
E2F-1 shRNA increases expression of PTEN, activates caspase-3 and caspase-9, and decreases NF-κB expression
To investigate the mechanisms of E2F-1 shRNA induction of MGC-803 tumor cell apoptosis, we observed the expression of some apoptosisassociated genes by semi-quantitative RT-PCR and western blotting, such as PTEN, caspase-3, caspase-9 and NF-κB. As shown in Figure 6 , densitometry showed that PTEN, caspase-3 and caspase-9 mRNA expression in the Lv-shRNA-E2F-1 group was higher while NF-κB was lower than that of the Lv-shRNA-NC and PBS groups (P ＜ 0.05), and no difference was found between Lv-shRNA-NC and PBS groups (P ＞ 0.05). As shown in Figure 7 , E2F-1 shRNA induced cleavage of pro-caspase-3 (35 kDa) and pro-caspase-9 (47 kDa) into other multiple, cleaved, maturation products (data not shown), but only the 17-kDa form of cleaved caspase-3 and 37-kDa form of cleaved caspase-9 were observered in MGC-803 tumor tissue. Densitometry showed that PTEN, p17 cleaved caspase-3 and p37 cleaved caspase-9 protein expression in the Lv-shRNA-E2F-1 group was higher while NF-κB, pro-caspase-3 and pro-caspase-9 expression was lower than that in the Lv-shRNA-NC and PBS groups (P ＜ 0.05), and no difference was found between the Lv-shRNA-NC and PBS groups (P ＞ 0.05). RT-PCR analysis of PTEN, caspase-3, caspase-9, NF-κB and GAPDH in the MGC-803 tumor tissue from three groups respectively. Lanes: 1, Lv-shRNA-E2F-1 group; 2, Lv-shRNA-NC group; 3, PBS group; M, 600 bp marker. (B) PTEN, caspase-3, caspase-9 and NF-κB mRNA levels were measured at three groups, normalized to those of GAPDH and presented as means ± SEM (n = 6 animals for each condition). *P ＜ 0.05 compared with Lv-shRNA-NC and PBS group, using ANOVA and Student-Newman-Keuls analyses.
Discussion
Gene alteration is known to be a key factor for a cancer cell to regulate its biological behavior. As one of the most important transcription factors regulated by the cycline-Cdk-Rb pathway during the cell cycle, E2F-1 is a well-characterized member of the E2F gene family. It promotes the cell cycle by regulating critical regulator genes involved in DNA replication and G1/S transition (van den Heuvel and Dyson, 2008). Rabbani and colleagues (Rabbani et al., 1999) have suggested that E2F-1 loses its transformation ability when it is mutated. Thus, an imbalance at any point in the complex gene network causing E2F-1 alteration can affect growth of cells.
Initially, E2F-1 was suggested to behave as an oncogene because E2F-1 promotes cellular proliferation by stimulating expression of a number of genes that promote G1 to the S phase transition (Johnson et al., 1993) . According to Olson and colleagues (Olson et al., 2007) , transgenic overexpression of E2F-1 in the mouse brain induces a bimodal pattern of tumor growth that resembles human disease. E2F-1 overexpression also has a growth-promoting effect in epithelial ovarian cancer cells and is thought to be a useful prognostic indicator (Suh et al., 2008) . Therefore, E2F-1 has oncogenic properties in vitro and in vivo. Interestingly, E2F-1 can eliminate latent neoplastic cells through apoptosis in vitro (Li et al., 2009) , and downregulation of E2F-1 transduction significantly inhibits the growth of prostate cancer cell lines and leiomyosarcoma (Nguyen et al., 2005; Vorburger et al., 2005) , and it is linked to low proliferation and longer survival of different types of carcinoma cells in vivo and in vitro (Evangelou et al., 2008; Brown et al., 2010) . These studies have suggested that E2F-1 is a tumor suppressor. It seems that E2F-1 acts as either an oncogene or a tumor suppressor depending on the tumor type and predominant signal (La Thangue, 2003; Bell and Ryan, 2004) .
In the present study, we observed a strong antitumor effect of E2F-1 shRNA on MGC-803 cells in vivo. Tumor growth was suppressed and tumor apoptosis was increased in nude mice when E2F-1 mRNA and protein were silenced by E2F-1 shRNA. This agreed with our previous in vitro research (Xie et al., 2009b) . Therefore, RNAi-directed targeting of E2F-1 can be used as a potent and specific therapeutic tool for the treatment of gastric cancer.
However, our previous study also has showed that E2F-1 overexpression inhibites growth of human gastric cancer cells in vitro (Xiao et al., 2007; Xie et al., 2009a) , although the mechanisms are not clear. In the present study, E2F-1 shRNA increased PTEN, caspase-3 and caspase-9 expression while NF-κB expression was decreased. PTEN protein product is a lipid phosphatase that antagonizes phosphoinositide 3-kinase (PI3K) function and consequently inhibites downstream signaling transduction through Akt (Chappell et al., 2011) . Caspase-9, a member of the protease family, is intimately associated with initiation of apoptosis, and is thought to be activated while Akt is inhibited (Shultz et al., 2010) . Activated caspase-9 can cleave caspase-3 in vitro, leading eventually to Figure 7 . E2F-1 downregulation significantly increases PTEN, p17 cleaved caspase-3 and p37 cleaved caspase-9 protein concentrations while pro-caspase-3, pro-caspase-9 and NF-κB are decreased in MGC-803 tumor. (A) Western blot analysis of PTEN, pro-caspase-3, p17 cleaved caspase-3, pro-caspase-9, p37 cleaved caspase-9, NF-κB and GAPDH in the MGC-803 tumor tissue from three groups respectively. Lanes: 1, Lv-shRNA-E2F-1 group; 2, Lv-shRNA-NC group; 3, PBS group; GAPDH: internal control protein. (B) PTEN, pro-caspase-3, p17 cleaved caspase-3, pro-caspase-9, p37 cleaved caspase-9 and NF-κB protein levels were measured at three groups, normalized to those of GAPDH and presented as means ± SEM (n = 6 animals for each condition). *P ＜ 0.05 compared with Lv-shRNA-NC and PBS group, using ANOVA and Student-Newman-Keuls analyses. apoptosis at last (Yamakawa et al., 2008) . In addition to upregulation of pro-apoptotic factors, inhibition of Akt can also suppress the transcription of anti-apoptotic genes through inactivation of the transcription factor NF-κB, which also eventually induced apoptosis (Ozes et al., 1999) . Thus, our results indicate that blocking E2F-1 expression probably upregulates PTEN expression directly or indirectly, activates caspase-3 and caspase-9, decreases NF-κB expression via PI3K/PTEN/Akt signaling pathway, and inhibits the growth of MGC-803 cells in vivo. Further studies are needed to establish our explanation.
E2F-1 plays a critical role in gastric cancer cell proliferation, invasion, and apoptosis. Downregulation of E2F-1 using RNAi successfully reduces gastric cancer MGC-803 cell progression in vivo and in vitro. In conclusion, this study lays the foundation for treatment of gastric cancer through manipulation of E2F-1 expression.
Methods
Cell culture
The human gastric carcinoma cell line MGC-803 and human kidney 293T cells were supplied by Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences. Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen, Gaithersburg, MD). All media were supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 μg/ml). The cells were cultured in an incubator at 5% CO2 and 37 o C, with medium changes every 3 days.
Antibodies
Antibodies specific for E2F-1, PTEN, pro-caspase-3, cleaved caspase-3, pro-caspase-9, cleaved caspase-9, NF-κB and GAPDH were from Cell Signaling Technology (Beverly, MA). Secondary antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Construction of E2F-1 shRNA lentiviral vector
Inverted and self-complementary hairpin DNA oligos targeting E2F-1 mRNA were obtained from Genchem Biotechnology Company (Shanghai, China). The sequences were 5'-CCGGCACTGACTCTGCCACCATAGTT TCAAGAGAACTATGGTGGCAGAGTCAGTGTTTTTG-3' and 5'-AATTCAAAAACACTGACTCTGCCACCATAGTTCT CTTGAAACTATGGTGGCAGAGTCAGTG-3', including human E2F-1 shRNA pair sequences (italic), 9-nt loop sequences (underlined), a U6 terminator, and two cohesive ends (AgeI/EcoRI) for ligation into pGCSIL-GFP vector. The shRNA targeting site of the transcripted product was nt 124-1437 of E2F-1 mRNA (GeneBank No. NM-005225). The negative control sequences which have been used in a number of studies (Zielske et al., 2005; Pullmann et al., 2005) were 5'-CCGGTTCTCCGAACGTGTCACGTTTCAA GAGAACGTGACACGTTCGGAGAATTTTTG-3' and 5'-AA TTCAAAAATTCTCCGAACGTGTCACGTTCTCTTGAAAC GTGACACGTTCGGAGAA-3', including negative control scrambled shRNA pair sequences (italic), 9-nt loop sequences (underlined), a U6 terminator, two cohesive ends (AgeI/EcoRI) for ligation into pGCSIL-GFP vector, and they had no significant homology to any human gene sequences.
pGCSIL-GFP vector (U6 promoter, polylinker: ACCGGT CCGCAGGTATGCACGCGTGAATTC, lower case: linker sequences) was digested by Age I and EcoR I and purified by Qiagen (Shanghai, China) quick gel extraction kit. The pairs of complementary hairpin DNA oligos which were mentioned above were synthesized, annealed, and ligated into linearized pGCSIL-GFP vector. The ligated DNA solution was transformed into E. coli DH5α, and incubated on a Luria Bertani (LB) plate (LB solid medium containing 50 ng/l ampicillin and 2% agarose gel) at 37°C for 16 h. Positive clones were identified by DNA sequence analysis (Majorbio Biotech Co., Ltd., Shanghai, China) and resulting plasmid was named as pGCSIL-GFP-shRNA-E2F-1 and pGCSIL-GFP-shRNA-NC.
Generation and titer of E2F-1 shRNA lentivirus
Lentiviruses were generated in 293T cells by co-transfection of pGCSIL-GFP-shRNA-E2F-1 or pGCSIL-GFPshRNA-NC, with pHelper1.0 and pHelper2.0 plasmids. These plasmids were amplified in E. coli DH5α, extracted with a plasmid purification kit (Qiagen) according to manufacturer's instructions, and transfected into 70% confluent 293T cells using Lipofectamine 2000 (Invitrogen). Then lentiviral particles were harvested from the media 48 h after transfection, and purified with ultracentrifugation. The lentivirus carried GFP, therefore, viral titer was determined by the method of end point dilution through counting the numbers of infected green cells at × 100 magnification under fluorescence microscope (Olympus, Tokyo, Japan) 96 h after infection to 293T cells. Titer in IU/ml = (the numbers of green fluorescent cells) × (dilution factor)/(volume of virus solution).
Tumor implantation
Male BALB/c nude mice aged 5 weeks were obtained from Guangxi Animal Center (Nanning, China). All animals were kept under specific pathogen-free conditions. All animal studies were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee of Guangxi Medical University. MGC-803 cells were used for tumor implantation. Approximately 2 × 10 6 MGC-803 cells were harvested, resuspended in 100 μl PBS, implanted subcutaneously into the flanks of the BALB/c nude mice, and resulting tumor was named as MGC-803 tumor.
Treatment of MGC-803 tumor in nude mice
After 7 days, when the MGC-803 tumor measured 3-5 mm in diameter, these nude mice were randomly divided into the following three groups (6 mice/per group): LV-shRNA-E2F-1, LV-shRNA-NC and PBS. The animals were administered an intratumoral injection of LV-shRNA-E2F-1 or LV-shRNA-NC at a titer of 10 7 TU in 100 μl PBS, and injection of an equal volume of PBS was used as a blank control. After the first injection, the animals were administered a similar injection every 2 days. The tumors were monitored every day and measured every 2 days with a caliper, and the diameters were recorded. The tumor volume (TV) was calculated by the formula: TV = W 2 × L/2, where L is the length and W is the width of the tumor. The relative tumor volume (RTV) was calculated by the formula: RTV = Vt/V0 (V0 is the TV on the day when the chemicals were given and Vt is the TV of subsequent measurement). The animals were sacrificed at 12 days after tumor injection and the tumors were analyzed.
Semi-quantitative RT-PCR
After mice were killed, total RNAs were extracted from MGC-803 tumor tissue using TRIzol Reagent (Invitrogen).
Neo gene segments were amplified and verified by semi-quantitative RT-PCR. cDNAs were reverse-transcribed from 2 μg total RNA. Supplemental Data Table S1 shows the E2F-1 PCR primer sequences used in this study. The PCR products were checked by agarose gel electrophoresis, and the abundance of each mRNA was detected and normalized to that of GAPDH mRNA.
Western blot analysis
Equal amounts of protein from MGC-803 tumor tissue homogenates were prepared in a buffer containing 100 mM NaCl, 10 mM Tris-HCl (pH 7.6), 1 mM EDTA (pH 8.0), 1 μg/ml aprotinin, 100 μg/ml PMSF, and 1% (v/v) NP40. After protein quantitation using the Lowry protein assay, equal amounts of proteins were separated by SDS-PAGE and blotted onto nitrocellulose membranes by the semi-dry blotting method using a three buffer system. The membrane was blocked with 5% BSA in PBST (PBS, pH 7.5, containing 0.1% Tween-20) and incubated with a 1:500 dilution of primary antibody (anti-E2F-1) overnight at 4 o C. The membrane was then washed with PBST and incubated with E2F-1 peroxidase-conjugated secondary antibody (1:1000) for 1 h. Specific antibody binding was detected using a chemiluminescence detection system (Pierce, Rockford, IL), according to the manufacturer's recommendations. Western blot film was scanned, and the net intensities of the bands were quantified using Image-QuanT software (Molecular Dynamics, Sunnyvale, CA). After development, the membrane was stripped and reprobed with antibody against GAPDH (1:1000) to confirm equal sample loading.
Analyses of in situ MGC-803 tumor apoptosis by TUNEL assay
To quantify the relative numbers of MGC-803 tumor cells with DNA fragmentation, a TUNEL assay was performed for all groups, using ApopTag (S7100; Chemicon International, Billerica, MA) according to the manufacturer's protocol. Apoptosis was evaluated by counting the positive cells (brown-stained cells) as well as the total number of cells in 10 arbitrarily selected fields at × 400 magnification under optical microscope (Olympus) in a double-blinded manner. The apoptotic index (per × 400 microscopic fields) was calculated as number of apoptotic cells × 100/total number of cells. Brown-stained nuclei immediately at the edge of a tissue section were excluded from cell counts to minimize false positives.
Analyses of PTEN, caspase-3, caspase-9 and NF-κB expression
Total RNAs and equal amounts of protein were extracted from MGC-803 tumor tissue. Semi-quantitative RT-PCR and western blot analysis were carried out as described previously. PCR primers of PTEN, caspase-3, caspase-9 and NF-κB used in this study were in Supplemental Data Table S1 .
Statistical analysis
Data are expressed as mean ± standard error of the mean (SEM) analyzed by SPSS version 13.0 (SPSS Inc., Chicago, IL) and Origin version 7.5 software programs (OriginLab, Northampton, MA). One-way analysis of variance (ANOVA) was used to measure statistical significance among different groups, followed by StudentNewman-Keuls analyses. Data were considered significant at P ＜ 0.05.
Supplemental data
Supplemental data include a table and can be found with this article online at http://e-emm.or.kr/article/article_files/ SP-43-11-05.pdf.
